The implantation energy and retained dose uniformity in enhanced glow discharge plasma immersion ion implantation ͑EGD-PIII͒ is investigated numerically and experimentally. Depth profiles obtained from different samples processed by EGD-PIII and traditional PIII are compared. The retained doses under different pulse widths are calculated by integrating the area under the depth profiles. Our results indicate that the improvement in the impact energy and retained dose uniformity by this technique is remarkable. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3204697͔
As an alternative technique to conventional plasma immersion ion implantation ͑PIII͒, enhanced glow discharge PIII ͑EGD-PIII͒ does not require external plasma sources. [1] [2] [3] In this technique, the plasma is produced by self glow discharge as a result of the high negative voltage bias. The small-area, pointed-shape hollow anode and large area tabular cathode form an electron-focusing electric field. Using a special electric field design, the electrons from either the plasma or target ͑secondary electrons͒ can be focused to a special hollow anode and the special electron-focusing field in turn enhances the glow discharge to achieve more effective ion implantation. In our previous research, the plasma distribution in the implantation chamber was determined by Langmuir probe measurements. 4 The results disclose that the electron density is quite uniform approaching the negatively biased substrate. Numerical investigation utilizing the multiple-grid particle-in-cell ͑PIC͒ code has been developed to investigate the sheath physics in EGD-PIII. 5, 6 A region with a uniform incident dose can be achieved using a pulse width of 40 s and it becomes smaller with expanding plasma sheaths. The quasi Gaussian depth profiles reveal that EGD-PIII is an effective PIII method. 2, 3, 7 In this work, the implantation energy is determined by numerical simulation. The results disclose the effects of the impact energy on the retained dose. To confirm the theoretical results, nitrogen is implanted into a silicon wafer by EGD-PIII. The nitrogen depth profiles are acquired by x-ray photoelectron spectroscopy ͑XPS͒. The retained doses using different pulse widths are calculated by integrating the depth profiles in order to assess the implant uniformity.
EGD-PIII was conducted in an automated multipurpose PIII and deposition system. 4 Nitrogen was implanted into 100 mm diameter silicon wafers. The base pressure was 4.6ϫ 10 −3 Pa and the gas flow rate was 30 ͑SCCM͒ ͑SCCM denotes standard cubic centimeters per minute at STP͒. In order to investigate the implant uniformity using different pulse widths, the pulse duration was varied from 40 to 60 s. Conventional nitrogen PIII was also conducted into silicon wafers to evaluate the differences between these two techniques. The radio-frequency power was 100 W. The implantation voltage was Ϫ13 kV, repetition rate was 50 Hz, and implantation time was 2 h.
XPS ͑Physical Electronics PHI 5802, Minnesota, USA͒ was employed to determine the in-depth distributions of Si, N, and O. An aluminum x-ray source with a power of 350 W was used. The analysis area was approximately 0.8 ϫ 0.8 mm 2 and the photoelectrons were detected at a takeoff angle of 45°. The sputtering rate during argon bombardment was about 4 nm/min. The atomic concentration of silicon wafer is 5 ϫ 10 22 cm −3 . The retained doses were calculated by integrating the area under the depth profiles.
In order to investigate the impact energy in EGD-PIII, two-dimensional numerical simulation is developed and performed based on the multiple-grid PIC code. The simulation procedure has been described in details elsewhere. 5 The conditions used in the simulation were: sample bias= −10 kV, pulse width= 51 s, and voltage pulse rise time= 1 s. Plasma generation is not considered in the simulation for simplicity. A uniform plasma is initially distributed inside the implant chamber. In this work, an energy calculation module is utilized to analyze the energy component under different pulse durations. Figure 1 displays the histogram of the simulated energy distribution of the implanted ions. The low energy is defined to be below 2.5 keV. 8 The concentration of low energy ions is 32% during the rise time period. After 20 s, the low energy component decreases to approximately 12%. The fraction of full-energy ions implanted at the end of the pulse is about 74%. Figure 2 compares the nitrogen depth profiles obtained by traditional PIII and EGD-PIII. At first glance, both profiles exhibit quasi-Gaussian distributions. However, the nitrogen concentrations in the shallow regions are different. The nitrogen concentration in traditional PIII is higher than that in EGD-PIII near the surface, implying that more low energy ions are implanted in PIII compared to EGD-PIII. In plasma immersion ion implantation, large amounts of low energy ions are implanted during the rise time. 9, 10 In PIII, the plasma is typically generated by an external rf source and so many such low energy ions are inevitably implanted during the rise time. In contrast, in EGD-PIII, there is a time delay in the formation of the glow discharge after the high negative bias is applied to the sample stage. 11 Hence, plasma generation and ion implantation occur almost in concert and the created electric field produces nitrogen ions effectively in the vicinity of the sample stage. Consequently, the relative portion of low energy ions is smaller in EGD-PIII. Our results unequivocally illustrate the advantage of EGD-PIII from the viewpoint of ion impact energy uniformity which is important to many applications such as formation of silicon-oninsulator ͑SOI͒ structures by ion cutting and wafer bonding. It should be mentioned that the ion composition and ion energy distribution are both important parameters. The ratio of N + to N 2 + ions varies depending on the plasma density and other instrumental parameters. 12 Here, the rf power of 100 W is so low that N 2 + is the main ion species. 13 Furthermore, according to Stopping and Range of Ions in Matter simulation, the projected range of N 2 + ion is 21.5 nm and that for N + is 38.5 nm. A similar peak depth is determined from our experimental depth profiles, thereby corroborating that N 2 + is the major ion species implanted into the substrate. In fact, although the plasma density in the vicinity of the samples may be higher in EGD-PIII than traditional PIII, the absence of an atomic nitrogen peak in the experimental depth profile indicates that N + can be neglected. Comparing the two samples, the projected ranges R p are nearly the same at 18 nm due to the same high negative voltage. However, the nitrogen peak concentration in the EGD-PIII sample is higher because more ions are implanted with the full energy. Moreover, the plasma density in the vicinity of the sample stage in EGD-PIII can be larger than that in PIII under similar implantation conditions. Our results indicate that the implant concentration is higher by about 19.5%.
By integrating the areas under the depth profiles, the retained doses within 40 mm from the center can be determined and shown in Fig. 3 . It can be observed that the retained doses increase with pulse durations. It should be noted that the retained doses within 40 mm are also remarkably uniform and the uniformity is not related to the pulse duration. Increasing the pulse duration has a negligible effect on the uniformity. The results are not in good agreement with our previous observation that the longer the pulse duration, the smaller is the uniform region. 5 It is probably because during our simulation, the ion concentration becomes smaller as a result of the absence of plasma generation. In our experiments, plasma generation does not cease during the implantation process. The plasma distribution varies only slightly and it is believable that the region with uniform retained doses can be enlarged by the instrumental parameters such as pulse width and the distance between the anode and cathode.
In summary, the impact energy and retained dose uniformity in EGD-PIII is investigated numerically and experimentally. The relative amounts of low energy ions decrease with increasing plateau width in the voltage pulse. The nitrogen depth profiles indicate that the low energy component is smaller and the retained dose increases in EGD-PIII compared with traditional PIII. Hence, the implantation efficacy of EGD-PIII is better than that of PIII, especially from the perspective of impact energy uniformity and it may have potential in semiconductor processing such as fabrication of SOI substrates. 
